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THE Fermi SPACE TELESCOPE

Gamma-ray Burst Monitor (GBM)

» 12 Nal and 2 BGO detectors
» Energy range: 8 keV-40 MeV

» Observes entire unocculted sky

PHTE
The Large Area Telescope (LAT)

Pair conversion telescope

Energy range: 20 MeV—> 300 GeV
Large field of view (= 2.4 sr): 20%
of the sky at any time, all parts of

the sky for 30 minutes every 3
hours

Observes the Sun for ~20 — 40
min every 3 hours
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WHY STUDY SOLAR FLARES WITH Fermi?

I SMM-GRS

1 GRANAT-PHEBUS
0 GAMMA-1
-
|

i Behind-the-limb flares

N
bl

5
3

Monthly average Sunspot number

CGRO-EGRET
SONG-CORONAS

S

200

o
Bl

s

Number of > 25 MeV Solar flares
G
H
8

“«
3
g

o , . i LAY,
1982 1986 1990 1994 1998 2002 2006 2010 2014

» Over the past 30 years limited sampling of solar flares with E>25 MeV
» All of which were classified as GOES X class flares
» Extended >100 MeV emission for ~8 hours detected by EGRET
» 3 behind-the-limb flares with E<100 MeV
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» Over the past 30 years limited sampling of solar flares with E>25 MeV
» All of which were classified as GOES X class flares
» Extended >100 MeV emission for ~8 hours detected by EGRET
» 3 behind-the-limb flares with E<100 MeV

» Fermi has detected more than 40 Solar flares in first 7 years of mission
» More than half are GOES M class
» Extended >100 MeV emission for more than 20 hours
> Including 3 behind-the-limb flares with >100 MeV emission
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WHAT HAVE WE LEARNED SO FAR?
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LEARNED SO FAR?

>100 MeV lasting ~hours from
moderate GOES class flares is fairly
common

» 13 hours of emission from the
p M3.7 GOES flare of 2011 March 7

» Emission is well described by
curved spectrum

1

» Pion-decay is the most likely
origin

» >100 MeV emission centroid
consistent with active region
for most bright flares
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WHAT HAVE WE LEARNED SO FAR?
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WHY ARE BEHIND-THE-LIMB FLARES INTERESTING?

> ~-ray emission processes require densities
greater than 102 cm—3

» Measurements of ~-ray line emission are
generally consistent with a compact
region located in the chromosphere

» Observations of y-rays (both line emission

and pion produced) from behind-the-limb
flares can imply
» A spatially extended flare component
that can subtend a large range of
heliolongitudes
> Allowing the particles to interact at
the visible disk
» Or acceleration and emission occur in
the Corona

» Requires larger than usual Coronal
densities

Cliver et al. 1993
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» Located ~10° behind the > Located N10.O behind » Located ~40° behind the
eastern limb the western limb eastern limb

> >100 MeV emission for 30 > >100 MeV emission for > >100 MeV emission for
minutes 20 minutes ~ 2 hours

» RHESSI emission consistent > Associated with very » GBM and Konus emission
with loop top strong SEP event up to few MeV

» Upper limits on nuclear line > Gam_ma—ray gnseh time » 2.23 MeV line visible in
emission from GBM consistent with Solar GBM

o . Particle Release time o .
» LAT emission centroid . L » LAT emission centroid
» Insuffiencent statistics consistent with on-disk

consistent with on-disk

for localization
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SPECTRAL ENERGY DISTRIBUTION OF SOL2013-10-11
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» LAT spectra is curved — increase in significance of ~18c

» Best proton spectral index is 4.3+0.1
» Only upper limits on the nuclear lines and neutron capture from GBM
» Broken power-law fit to <100 keV GBM emission

» Photon index 3.22+0.005
> Ebreak = 2048 keV
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SOL2014-09-01 SPECTRAL ENERGY DISTRIBUTION
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» LAT data is well described by a curved spectrum
» Best proton spectral index from fit 4.4+0.1

» Power-law (3) index 1.440.1, power-law (4) index 2.7+£0.1
» Folding energy 8.2+0.2 MeV
» Significance of 2.23 MeV line is ~4o
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SUMMARY

» The Fermi-LAT has detected high energy gamma-rays from more
than 40 solar flares over the first 7 years of mission
Almost half of which are GOES M class
» Sampling both impulsive and sustained emission
» Extended emission lasting hours is fairly common
» >100 MeV emission is most likely due to pion-decay
» First detection of >100 MeV emission from behind-the-limb Solar
flares

v

» Flares originate from behind both eastern and western limbs
» Photons with energies up to 3 GeV measured from two of these flares
» And 2.2 MeV neutron capture line from SOL2014-09-01

» Behind-the-limb flare observations seem to suggest a spatially
extended component for high-energy gamma-rays
» This component must subtend more 30° heliolongitude
» Coronal Mass Ejection (CME) generated shocks could accelerate the
particles over such a large range
» Paper on LAT behind-the-limb flares in preparation
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THE FIRST GAMMA-RAY BEHIND-THE-LIMB FLARES

A total of 3 behind-the-limb flares were detected with emission below
100 MeV by space based observatories

1. 1989 September 29 flare detected by GRS on SMM

» Vestrand & Forrest 1993, Cliver et al., 1993

» Intense gamma-ray line emission in the 1-8 MeV range
» Strong 2.2 MeV neutron capture line

» Observations required spatially extended flare loop

2. 1991 June 1 flare detected by PHEBUS on GRANAT

» Barat et al. 1994, Ramaty et al. 1997
» Intense gamma-ray line emission in the 1-8 MeV range
» No 2.2 MeV neutron capture line detected
» Coronal origin for the emission was concluded
3. 1991 June 30 flare detected by PHEBUS, BATSE and EGRET
» Vilmer et al. 1999, Trottet et al. 2003
No detectable line emission or 2.2 MeV line
Emission detected up to almost 100 MeV
Debate on Coronal or/and extended flare loop emission

v vy
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FIRST >100 MEV BEHIND THE LIMB FLARE
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M.

Estimated GOES class from
STEREO EUV emission is M4.9

RHESSI and GBM detected
emission up to 50 keV above the
chromospheric limb

>100 MeV emission detected for
25 minutes by LAT

Pass7_REP data published in
ApJL, 805, L15
Re-analyzed the flare with new
Fermi-LAT Pass 8 data
» Gained 5 minutes of detection
with respect to Pass7 _REP
» Detection from 07:10 - 07:40 UT
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TESTING THE EMISSION MODELS
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We fit the LAT spectral data between 60

MeV and 10 GeV to test three different
emission models:

1.
2.
3.

Pure power-law
Power-law with exponential cut-off

Templates to describe emission
from pion decay based on Murphy
et al. 1987

We rely on the likelihood ratio test (TS) to estimate the significance of the
source and whether the curved model provides a better fit

» When model (2) provides a better fit we also fit the data with a series
of pion-decay models to determine the best proton spectral index
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SOL2014-01-06
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SOL2014-01-06
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SOL2014-01-06
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SOL2014-09-01 SPECTRAL ENERGY DISTRIBUTION
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» LAT data is well described by a curved spectrum
» Best proton spectral index from fit 4.4+0.1

» Photon spectral index 2.1+0.1
» Folding energy 6.7£0.4 MeV
» Significance of 2.23 MeV line and narrow lines is ~7¢
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STEREO anD GOES PROTONS
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Proton intensity-time profiles provide information on magnetic connectivity
and SEP propagation
» SOL2013-10-11
» Active region located 10° behind eastern limb
» Poorly connected to Earth — no GOES signal following the flare
» SOL2014-09-01

» Active region located 36° behind eastern limb
» Protons reach Earth ~9 hours after flare
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FINDING THE ONSET TIMES

— Protons (>60MeV)

Z Mectan fter » For GOES SEP we apply a median
filtering algorithm to help smooth
57 out the data
» Take the onset time to be the
point of 5% max intensity

Uﬁ:z 0:00 03:00:00 06:00:00 cg.oc:ooTn 00(39”)5 00:00 18:00:00 21:00:00 00:00:00 » We scan over a Series O'F Values for
the median filter window

» Take median window 25 to be the

onset time

» Take the difference in times over
the scan values to be the error
associated with the onset time
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FINDING THE ONSET TIMES FOR HE

— Protons (350-420 MeV)
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M. Pesce-Rollins (INFN/St:

For GOES HE SEP we run an FFT
on the data

Take the onset time to be the
point where second derivative is
max

We scan over a series of values for
the frequency threshold

Take frequency threshold of 13 to
be the onset time
Take the difference in times over

the scan values to be the error
associated with the onset time
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SIMULATIONS

Toy model simulations
» Spherical harmonics expansion of
the magnetic field (R<Ry)
» First proposed by Newkirk et al.
1968
» Parker field for R>Rg
» Parker 1958, Giacalone & Jokipi
2004
» Particle propagation
» Ray tracing of particles in
magentic field
» Developing code to take into

account the effects of scattering
and turbulence
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FErRMI LAT SOLAR FLARE PUBLIC DATA

Fermi LLE public data

Search of _Catalog(s)

LLE catalog of Solar flares and GRBs
11 impulsive solar flares and 56 GRBs

http://heasarc.gsfc.nasa.gov/W3Browse/
fermi/fermille.html

All LLE data products publicly available
» LLE event file
> spectrum files (PHAII,PHAI and
RSP)
» Quick look files
LLE data can be analyzed with XSPEC and rmfit

output For

Fermi LAT SunMonitor

»  Fermi-LAT SunMonitor
continuously monitors the Sun

»> >100 MeV gamma-ray flux
from the Sun in fixed 3 hour

time intervals

All available online!

March 7, 2011 M3.7 class flare

g
q

Flux (100 MeV - 10 GeV) [phicm’/s]

S8

S SIS S o~ oS
& T

ol gzﬁ‘s'&a’m?m R
http://sprg.ssl.berkeley.edu/~tohban/browser

Jg
Jfa
2
;
5z
%%
5

Spare slides

M. Pesce-Rollins (INFN/St:

Fermi Symposium 2015


http://sprg.ssl.berkeley.edu/~tohban/browser
http://heasarc.gsfc.nasa.gov/W3Browse/fermi/fermille.html
http://heasarc.gsfc.nasa.gov/W3Browse/fermi/fermille.html

	Appendix

